Orientational relaxation times of rhodamine 700 in glycerol-water mixtures

Mischa Megens, Rudolf Sprik, Gerard H. Wegdam, and Ad Lagendijk
Van der Waals-Zeeman Instituut, Universiteit van Amsterdam, Valckenierstraat 65, 1018 XE Amsterdam,
The Netherlands

(Received 27 August 1996; accepted 1 April 1997

We determined orientational relaxation times for rhodamine 700 dye in glycerol-water mixtures
using time-resolved fluorescence depolarization. It appears that the orientational relaxation time
varies linearly with the viscosity of the solvent between 1 and 60 cP, in accordance with the
Perrin-Stokes-Einstein model with stick boundary conditions. Previously others have found that for
two anionic dyes in glycerol-water and a cationic dye in glycerol-ethylene glycol mixtures, the
orientational relaxation time becomes less sensitive to the viscosity at very high viscosities
(>25 cP atleagt We discuss the influence of dye and solvent on the relation between orientational
relaxation time and viscosity, which suggests that the relaxation time as a function of viscosity can
be scaled on a common curve. ®97 American Institute of PhysidsS$0021-96007)50726-4

I. INTRODUCTION interaction between a solute molecule and the liquid at their
interface. Two limiting conditions for the interactions are

The orientational motion of large molecules in a liquid is «g4icy = \when there is no velocity difference at the interface
usually described in terms of a diffusive proces.In this o0 liquid and molecule, and “slip,” where the liquid

picture, the molecules experience a random force due to Cokap moye freely but cannot enter the volume occupied by the
lisions with the small molecules of the liquid. The correla-

. . : molecule. Under “slip” conditions, spherical molecules are
tions in the motion of the solvent molecules are representeﬂot hindered by the liquid because they can rotate without

by a fr|c|t|on, Wh',Ch IS calﬁglatgc:dashﬁ the”I:gmd were a having to displace liquid. Usually, the measured orientational
structureless continuum. This yields the well-known I:)errm'relaxation time is somewhere in between stick and slip.

Stokes-Einstein resdit* for reorientation of spherical probe However, for some solvents and liquids relaxation times out-

molecules side the stick or slip bounds are measutdthe charge dis-
1 tribution of a solute molecule is suspected to contribute
r=z(3 cog O(t)—1)=rg exp(—t/7q), (1) significantly to the friction it experiences in polar
solvents2819-1250 far there is no single theory which ac-
where counts for the wealth of observed phenomena.
Tor = To+ Tpse ) Another aspect of preyious e>_<perimental findings that is
not fully understood up till now is the dependence of the
and orientational relaxation time,, of a dye on the viscosity of
N the solvent. At low viscosity the orientational relaxation time
TPSE= | T - 3 7or IS linear with the viscosityy, but it appears to level off at

high viscosities §>20 cP) in mixtures of water and vis-
Here 4(t) is the angle between the absorption transition di-cous liquids like glycerol or ethylene glyctd*® Mikosch
pole at the time of excitation and the emission transitionet al,'? and Rice and Kenney-Wallateproposed that the
dipole at timet, the brackets denote the average over thesolvent may form transient cavities due to strong hydrogen
ensemble of randomly oriented dye molecules, agds the  bonding interaction$>® The motion of the probe molecules
orientational relaxation time. The orientational relaxationwould not be viscously damped but the probe molecules
time consists of two parts: an empirical pagtthat does not would rotate through large angular steps determined by in-
depend on viscosity, and the Perrin-Stokes-Einstein pateractions with the solvent molecules in the nearest neighbor
Tpse that depends linearly on the shear viscosityof the  shell. Hence the hydrodynamic properties of the solvent
liquid, the temperaturd and the volumeV of the rotating would be of little importance. Measurements on other dyes
molecule. If the molecule is nonspherical there are up to fiven viscous liquids would provide a test of this model.
different relaxation times, but these are usually too close to In this article we present fluorescence depolarization
be distinguished experimentally, unless the molecule is veryneasurements of the orientational relaxation time of
elongated. rhodamine 700 dye molecules in a series of in glycerol-water

Experimentally measured orientational relaxation timesmixtures. By changing the glycerol content of the glycerol-

generally vary linearly with the viscosity of the liquid except water mixture we can vary the viscosity over a wide range.
at high viscosities. Recent molecular reorientation stdfes This enables us to both verify the value gfsk T/ 7 at low
are therefore mostly concerned with the determination of theiscosity and to determine deviations from linear relation
ratio of the orientational relaxation timesgand »/kT. This  betweenr,, and » at high viscosity. In Sec. Il, the theory is
ratio accounts for the shape of the solute molecules and thgresented in some more detail, and in Sec. Il we outline the
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experimental method and estimate the size of the dye mokount. Perrin already calculated the diffusion constdbs

ecules. Results are discussed in Sec. IV. andD, for the case of an ellipsoid using the Langevin ap-
proach with an analytic solution to the Navier-Stokes equa-
Il. THEORY tions for the flow of the liquid and the resulting frictibhin

In time-resolved fluorescence depolarization measuret-he limit of slow and steady motion. The results of such

ments one makes use of the fact that the orientation of aﬁalculations depend crgciqlly_on the type Of. boundary con-di-
excited molecule affects the polarization of light it will tions for the molecule-liquid interface. Perrin assumed stick

emit2” In this method, the molecules are excited with a shor0undary conditions, i.e., no difference in velocity at the
light pulse of a definite polarization. Molecules with their interface between molecule and liquid. For a prolate ellipsoid

absorption transition dipole moments along the polarizatioﬁ"’Ith axial ratio 2.5, typlcall.y expectgd fgr a rhodamine 9700
direction will be predominantly excited by this pulse. After dye molecule, this _yields d|ffu5|qn c0n§ta?ﬁ§

the pulse, the orientational distribution of excited moIecuIesD”: 1.3, and D, =0.5D,, where Dy is the diffusion
will change in time if the molecules rotate. When the internalCONStant for a sphere of equal volume.

excitation of a molecule decays, the molecule emits light i ABS andalternatl\é(_at,_ Hu a_nd ZwantZ|g d|dt_c‘|alc;JIat|onst f?hr
polarized along its emission transition dipole moment. Thus,S P 0”20 ary conditions, 1.€., no tangential stress at the
nterface>” For a sphere, this implies that there will be no

from changes in the polarization of the fluorescent light as z% . tal If h the obiect i tric. it will
function of time after excitation, one gains information about riction at afl. 1, however, the object 1S asymmetric, 1t will
have to displace some liquid and there will be viscous dissi-

the rotation of the fluorescent molecufes. fion of c linsoid. the fricti fhicicin
The time-resolved fluorescence intensities polarized pa|pa lon of energy. or an €efliipsold, the Iriction coe iciefy .
for rotation around the symmetry axis will be zero. Numeri-

allel (Iy(t)) and perpendicularl ( (t)) to the polarization of ) L
the in(|:|ident beam can be combined to give the decay Oﬁ;al calculations of Hu and ZwanZfjfor a prolate ellipsoid
of axial ratio 2.5 yield a friction coefficient for rotation per-

fluorescenc&K =1 +21, that is independent of the reorien- dicular to th i & of 0.36 i th
tation of the molecule® The polarization anisotropy(t) of ~ Pendicular to the symmetry axg of 0.36 times the corre-
sponding friction coefficient for stick boundary conditions.

Eq. (1) can then be obtained by eliminating the influence of . e .
i Knowing that the diffusion constants are inversely propor-
the fluorescence decay: . - -
tional to the friction coefficientsD;=kT/&;, we can calcu-

T et 4 late from their work the orientational relaxation timessg
K L+21, (4) according to Eq(5). It appears that the free rotation around
the symmetry axis causes two out of three relaxation times to

The polarization anisotropy changes in time as a result of th
rotation of the_dye r_nolecu_les in the liquid. The p_ertine_nt There are several physical processes that can cause de-
model to de_s_cnbe_ this rotation assumes thf_it th_e orientatio olarization, apart from reorientation of the molecules. If
of _the transition dlpqle “?O”‘_e”ts_ are just dlff_usmg over thethere is an anglé between the absorption and emission tran-
qnlt sphere. If the cpffugon IS different .for different direc- sition dipole moment, the initial polarization anisotropy is
tions, then the polarization anisotropy will be a sum of up to
five exponentials:** The number of independent decay con- 2
stants will be reduced if symmetry is present, e.g., if the rO_E
diffusion constanD is isotropic, as for a spherical molecule, . .
then the polarization anisotropy decays as exgijt), so I the_ transition dipole moments are pgral_lel, they=2/5
there is only one decay time. For an ellipsoid, there are twcpaf Its _maximum \{’alue. “The _depolarllzatlon can be total
diffusion constantsD for rotation around the symmetry axis (r_— O). if £ is 54.37° (the “magic angle’). Internal rele_lx- .
(i.e., spinning andD , for rotation perpendicular to the sym- ation in thg dye moIc_acuIe; can also cau.se.depolanzanon.
Usually this relaxation is very fast(within a few

metry axis(tumbling. The two diffusion constants give rise . : . L
to three decay rates in the polarization anisotfopy picosecond$) compared to the orientational relaxation times
(>0.1 ns). Experimentally the relaxation comes into view

e zero.

(3cog (—1). (6)

6D, as a smaller, while the measured orientational relaxation
%: 5D, +Dj . (5 time is not affected.
i
2D, + 4DH
. EXPERIMENT

The Langevin equation provides a model for the diffusion
constants. It describes Brownian motion in a viscous envi-  Orientational relaxation times were measured using a
ronment. Using Stokes’ law for the frictional torqlieon a  time correlated single photon counting technidtid cavity
sphere of radiuR in a viscous liquid T=877R%, Perrit dumped Kiton Red dye laser, synchroneously pumped
derived that the diffusion constabt=6kT/ 7V, wheren is by a frequency-doubled pulse-compressed mode-locked
the shear viscosity of the liquid. Substituting this diffusion Nd®*:YAG laser (Spectra Physids excites the dye in the
constant in the expression for the polarization anisotropysample. The wavelength of the dye laser is tunable in the
yields the Perrin-Stokes-Einstein result E8). 600-660 nm range. Two 10 mm polarizing prisms are used
To correctly estimate the orientational relaxation time,to select a polarization state of the exciting and detected
the shape of the rotating molecule must be taken into adight. The exciting beam has a diameter of about 1 mm at the
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ring would then be something like 3/4 of the volume differ-
o ence of naphthalene and benzene. Since this does not take
4 into account the volume of the Gigroup(about 23 &), the
6.2 A estimated volume is certainly not too large.

From the length of an aromatic carbon-carbon bond,

1.395 A% and the van der Waals radius of carbon,

1.77 A?* we estimate the length of the long axis of the
molecule to be a=10co0s(30°)1.395 A+2.1.77 A

= 15.6 A. The length of the short axes of a prolate ellipsoid

15.6 A with a volume of 310 A is thenb=6.2 A. This corre-
sponds to an axial ratip of about 2.5.
FIG. 1. Structural formula of rhodamine 700D700 perchlorate(Ref. 22. To determine the orientational relaxation time as a func-

For compe_\riso_n with.thgory, the shape of the r’qolecule is approximated by #ion of viscosity(Fig. 3), we measured the intensitiq§and
prolate ellipsoid, as indicated by the dotted ellipse. |, in several glycerol-water mixtures. Since the two curves
I, and 1, are measured separately, slight variations in the
intensity of the laser pulses affect the relative magnitudes.
position of the sample. The sample is containedail cm  Tg correct for this, we multiply, by a scaling factor, which
cuvette, at room temperature. The detector is set at righ{hoyid ensure that the two curves coincide at long tintes (
angles with the exciting light. A lens collects the fluores-s. - y \we determined the scaling factor using three different
cence on a Hamamatsu R3809U Multi Channel Plate deteGnethods. To begin with, we matched the tails of the curves
tor (MCP). A Schott RG695 color filter in front of the I, and1, . This yields a lower bound for the orientational
MCP removes the residual laser light. Two apertures arge|ayation time because we cannot be completely sure if the
used to limit the angle of incidence on the polarizing prismy,4tion of the dye molecules has created an isotropic distri-
bution at the time where we match the tailg.e., if indeed

in front of the detector. The signal from the MCP is
amplified and fed to a constant fraction discriminaioFD, t > 7, as requiredl Therefore, we also tried fitting the curves
with longer orientational relaxation times than that deter-

Tennelec TC45) time to amplitude convertefTAC, Ten-
nglec TC8§4 and m_ulu_—channel anaIyze?MCA). A photo- mined by the “tail-matching” method. In this case, the true
diode monitors the incident beam for triggering the TAC. . : .

I, andl, remain separated at the time where we previously
did the “tail matching,” and the fit also yields a larger initial

At a cavity dump rate of 400 kHz, the count rate on the

PMT was maintained at about 10 kcounts/s. With this setup o ) : .
olarization anisotropyr,, i.e., a larger separation of the

curves at=0. However, the assumption of an initially ran-

we achieve a time resolution of around 60 (FB8VHM of P
scattered incident lightwithout further optimization. S . . .

For the fluorescent molecule we used rhodamine 70610m distribution of orientations of the molecules imposes the
(LD700 perchloratefrom Radiant Dyes, Inc. The structural CONstraint ro<2/5. Thus fitting the curves with fixed
formula and typical dimensions are shown in Fig. 1. Thelo=2/5 provides a means to determine an upper bound for
molecular weight is 538 g/mol, much more than that of g|yc_the orientational relaxation time. Finally, we also determined
erol (92 g/mo) or water. This (yjye was selected because Wethe orientational relaxation time by a non-linear least squares
can resonantly excite it with our dye laséFhe absorption it t0 both curved; andl, at once, with weighting according
maximum of LD700 occurs at around 650 Rf.Thus the to the Poisson statistics of a photon counting experiment.
dye concentration can be kept ldvelow 20 umol/1) and The fitting functions forl| andl, were bas_ed on a single
reabsorption of the fluorescence in the sample is avoided. €xponential fluorescence dectyt) and a single exponen-

The volume and shape of the dye molecule are importarif@! decay of the polarization anisotropyt). With bothr,
parameters for making an estimate of the orientational relax@nd thezscalmg factor as free parameters the fits yield a re-
ation time of the dye in solution. Since the shape of theducedy” of about 1.2, which indicates a good#itThe final
molecule does not closely resemble an oblate or prolat¥@lues forr in Fig. 3 are the values determined from the
spheroid, in the description in terms of just a volume and a,{egst squares flt.' The vertical error bars indicate the relax-
axial ratio there is inevitably some arbitrariness in choice ofétion times obtained by the two other methods; the upper
parameters. value results from requiringy=2/5, the lower value from

Because we are unaware of any data on the volumétail-matching.” . .
of LD700, we estimate the volume from the van der  The glycerol-water mixtures were prepared by diluting a
Waals volumes of benzene (80.3)Aand naphthalene known weight of glycerol with known weights of water and
(122.8A%).24 From these values, the volume of pentacene iglye solution. Values of the viscosities of these mixtures were
calculated to be i1(benzeng+4-(naphthalene benzene) taken from the CRC handbodR.A comparison of the spe-
= 250 A%. If we take the volume of the dye molecule to cific weight of our glycerol with known values for glycerol-
correspond to 650.5 instead of 5 rings, then the volume is water mixture® indicated that it contained less than 1 mass
V=310+ 20 A3 The two extra rings do not contribute a full percent water. The variation in the viscosity, assuming an
80 A® because a considerable part of the extra rings isincertainty in the mass percentage glycerol of 1%, is indi-
shared with the pentacene structure. The volume per extreated by the horizontal error bars in Fig. 3.
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8‘ ) FIG. 3. Observed orientational relaxation times of LD700 as a function of
% 100.00 3 the viscosity of the glycerol-water mixture. The relaxation times are ob-
R4] 3 tained from a least squares fitkpand!, (cf. Fig. 2. The upper and lower
S 10.00 ® bounds result from requiringy=2/5 and from “tail-matching,” respec-
c 3 tively. The solid line is a fit to a straight line of all datapoints. The dashed
.2 1.00 ® and dotted lines correspond to the Perrin-Stokes-Einstein model for an el-
o ,_3 lipsoid with volumeV=310 A% and axial ratiop=2.5, with slip(dotted or
‘g 0.10 < stick (dashed boundary conditions. The two lines for stick boundary con-
o — ditions correspond to the fastest and slowest relaxation time predicted by the
o 0.01 8 theory. For slip boundary conditions only the slowest relaxation time is
) &, shown. The faster relaxation times are zero, since ellipsoids are free to rotate
. about their symmetry axis. Apparently stick boundary conditions are more
B Time [ns] appropriate.

FIG. 2. Measured trace@) of the parallel and perpendicularly polarized Since this value is equal t.éWIthll’l experlmental error, we
fluorescence intensity as a function of time after excitation, for a 31 molssconclude that the absorption and emission transition dipole
glycerol-water mixture. The number of counts in each bin has been dividegnoments are approximately parallel. Using E§). we esti-

by the total integration time, and is adjusted to make the tails overlap. mate an upper bound for the ang,]ebetween the transition
Froml, andl; we obtain the fluorescence dedsyt) (B, upper curvgand dipole moments of 15°

polarization anisotropy(t) (B, lower curve. The straight lines are fits to . . .
single exponentials. In Fig. 3 the measured dependence of the orientational

relaxation timer,, of the dye on the viscosity of the glycerol-

water mixture is plotted. The orientational relaxation time is
IV. RESULTS AND DISCUSSION approximately linear with viscosity) over the whole range
of viscosities (1-60 cB. The predictions of the Perrin-

shown. The corresponding polarization anisotrog) and Stokes—Eigstein model for a prolate spheroid with volume
fluorescence decai(t) are shown in Fig. 2B. The fluores- V=310 _A and axial ratiop= 2.5 are indicated for both slip
cence decay(t) decays single-exponentially, as expected(d_Otted ling and stlck_(plashed lingboundary conditions. For
for a dilute dye solution. The life time is around 1.9 ns, st|_ck bpundary cond|t_|ons_, both th_e fastest and slowest_ relax-
which is of the expected order of magnitude for a fluorescenfition times of the ellipsoid are givelef. Eq. (5)]. For slip
dye in solution'? boundary conditions only thg slowest relaxation time is
In addition to the relaxation time,,, we can also extract shown. The faster relaxation times are zero because an ellip-
soid is free to rotate about its symmetry axis for slip bound-
ary conditions.
The slope in the least squares fit to the experimental data

In Fig. 2A a typical pair of curved(t) and I, (t) is

the initial fluorescence anisotropy,. For short relaxation
times, knowledge of the time of excitation is of course very
important. By requiring that the initial anisotropy is approxi- ST SRR i
mately equal over a range of viscosities, we find that excita(Selid line in Fig. 3 is

tion takes place at abotg=—0.80 ps.[Remember that for Tor/ 7=0.096+ 0.003 ns/cP, (8)
t=0 we took the instant whei(t) has risen to half its . _ _ 3
maximum valu€|. Closer inspection reveals that this is the while f(_)r a _St'Cky sphere of volum¥'=310+20 A°, the
instant where the first few counts above the background arBrOportlonaIIty constant WO_UId bery,/ 7=V/kT=0.076 .
detected, showing thag is indeed the time of excitation and = ,0'005 ns/cR. Th.us the ratio betweep thg measured orien-
that our estimate for the width of the instrumental responsé"’lt'on""I relaxat|0r_1 time and the relaxation time of the sphere
of 60 ps is not unreasonable. The resulting value of the ini-Of equal volume is calculated to be

tial polarization anisotropy is T
Zmeasured_ 4 57+ 0.10. (9)
ro=0.38:0.02. (7) Tsphere
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TABLE . Limiting orientational relaxation time?, (see Fig. 4 for several where J= (2/5)mR2 is the moment of inertiam the mass
dyes in glycerol-water(PP2, PTS, LD700 or glycerol-ethylene glycol andR the radius of the sphere The time scalis nearly 2
(R6G) mixtures, together with the effective volum¥g of the dyes. . ' .
orders of magnitude smaller than the valgefrom the fit.
Dye Charge  Shape 7% (ns Vv, (A% Apparently the moment of inertia of the dye molecule is not
the origin of the experimentally observed largg. Such

: ,
Eszzzet?t’lrazs(ﬂmate 22:22 ;Z?e fgﬁg ligi ig large experimental values af, are not uncommoft? but
(PTS? what the source of this large, is remains an open question.
Rhodamine 6GR6G" Cation  Plate 251 1200300 An important aspect of measurements of orientational
Rhodamine 70QLD700) Cation  Rod >6 390+ 10 relaxation timesr,, is their viscosity dependence. At low
(this work) viscosities ¢7<20 cp), the orientational relaxation time is
“Referonce 12. linear with viscosity, but Mikosch, Dorfiiler, and Eimet?
PReference 13. and Rice and Kenney-Wallatfeobserved that the relaxation

time levels off at high viscosities for their three dyes. To
explain their observations, Mikosch and Rice suggested that

This should be compared to the values calculated for a proqt high viscosities the solvent molecules would form tran-

late ellipsoid of axial ratip=2.5 as discussed in Sec. Il. For sient cavities through hydrogen bondifig” The time scale

slip boundary conditions, the fastest and slowest relaxatio};Or motion of the liquid "cage” would be comparable to or

times are 0.96 and 1.89 times the relaxation time for a spher%Ven larger than the Perrin-Stokes-Einstein orientational re-

of equal volume(dashed lines in Fig.)3 while for stick the Iri)l(;[til\(/)er} tme,erstﬁrt?egybe ;?lzlicﬂliz (fSlJI: r?stt?ltte tlhne I;S;iecrig?
slowest relaxation time is 0.6§r (dotted ling. Appar- y unp y quid. '

. » : tional relaxation timer,, at high viscosity would be lower
ently, S.“Ck boundary conditions are more appropriate for thefhan expected. The results of Mikosehal. suggest that the
rather irregularly shaped LD700 molecules. The fact that the . o .

hape ofr,, as a function ofyp/T is independent of the kind

estimated volume per dye molecule is perhaps rather tod . . . :
small only reinforces this result. of dye, i.e., the relaxation times for different dyes can be

The experimental orientational relaxation time extrapo—;(i?lis_ror:,v?]gfe@mg ntr?gw;ﬁ?étggtggﬁjﬂg’mo?z?j;lénrztcl)?n of
lated to zero viscosityintercept in Fig. 3is L, h . . o
Y P g- 3 ecule. The volumeVy, is determined from the relaxation
70=0.18+0.02 ns. (10 times at low viscositysee Table)l The rescaled data for all

From the molecular weight of the dye one would expect thethe dyes are shown in Fig. 4. The results of Rial. do not

characteristic time scale for free rotation of a sphere of equalca/€ ONnto the common curve, but in their case the solvent is
volume to be only different as well as the dye. The dye of Rigkal. is a cation,

while the two dyes used by Mikosatt al. are anions. We
\F used a cationic dye, but nevertheless our results do not scale
=V\ig 4 Ps (1) 5nto the curve of Rice and Kenney-Wallace. Our results are
not in conflict with Mikosch’s curve. This suggests that the
orientational relaxation time?, at the crossover from the
regime wherer,, is linear with viscosity(solid line in Fig. 4
to the regime where,, is less sensitive tg/ T (dashed lines
is a characteristic of the solvent, not of the dye or the inter-
action. The cause of the crossover is therefore to be sought in
a change of the spectral distributi®@fk,») of the density
and concentration fluctuations of the solvent, wktkrectors
around the main peak iB(k, ). This is an interesting ob-
servation, which might be subject of further theoretical in-
vestigation.

V. CONCLUSIONS

Time-resolved fluorescence depolarization measure-
ments on rhodamine 700 dye in glycerol-water mixtures
show that the orientational relaxation timg, of the solute
FIG. 4. Orientational relaxation times versus rescaled viscosity of the sol-mOIeCUIeS varies Ime"_irly with VISCOSIW_ of the mIXtL_jre In
vent, for four different dyeso : polyphenyl 2(Ref. 12; O: pyrene tetra-  the range 1-60 cP, in accordance with the Perrin-Stokes-
sulfonate(Ref. 12; A: rhodamine 6GRef. 13; O: rhodamine LD70qthis  Einstein model with stick boundary conditions. Previously
work). The data for anionic dyes in glycerol-water mixtures (1) fall on Mikosch, Dorfm"dler, and Eimet? and Rice and

a common curve. The cationic dye in ethylene glycol-glycerol as the solvenkenney_Wa”an, observed that the orientational relaxation
(A) has its own curve. The cationic dye in glycerol-watér)(does not

scale on the curve of the other cationic dgee insat but is not in conflict time becomes less sensitive to the viscosity at very high
with the common curve of the anionic dyes. The lines are guides to the eyeviscosities for two anionic dyes in glycerol-water mixtures
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ress, New York, 1996
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